Cytosine arabinoside (ara-C) is a nucleoside analog used in the treatment of hematologic malignancies. One of the major side effects of ara-C chemotherapy is neurotoxicity. In this study, we have further characterized the cell death induced by ara-C in sympathetic neurons. Similar to neurons undergoing trophic factor deprivation-induced apoptosis, ara-C-exposed neurons became hypometabolic before death and upregulated c-myb, c-fos, and Bim. Bax deletion delayed, but did not prevent, ara-C toxicity. Neurons died by apoptosis, indicated by the release of mitochondrial cytochrome-c and caspase-3 activation. p53-deficient neurons demonstrated decreased sensitivity to ara-C, but neither p53 nor multiple p53-regulated genes were induced. Mature neurons showed increased ara-C resistance. These results demonstrate that molecular mechanisms underlying ara-C-induced death are similar to those responsible for trophic factor deprivation-induced apoptosis. However, substantial differences in neuronal death after these two distinct stress stimuli exist since ara-C toxicity, unlike the developmental death, can proceed in the absence of Bax.
Introduction
The nucleoside analog cytosine arabinoside, (1-b-D-arabinofuranosylcytosine, ara-C), is one of the most effective chemotherapeutic agents in the treatment of acute myelogenous leukemia and a variety of other hematologic malignancies. The exact mechanism of ara-C toxicity to proliferating cells still remains to be elucidated. Ara-C can inhibit DNA synthesis in proliferating cells by incorporating into elongating DNA strands and causing retardation of DNA elongation as well as chain termination. Moreover, ara-C inhibits several enzymes involved in DNA synthesis and repair. In addition to its ability to interfere with DNA metabolism, ara-C also increases the generation of reactive oxygen species, alters the synthesis of membrane lipids and glycoproteins, and affects the intracellular levels of lipid second messengers (see review in Grant 1 ). Besides killing mitotic cells, ara-C is also toxic to postmitotic cells such as neurons. [2] [3] [4] [5] [6] [7] Neurotoxicity is a major doselimiting factor in high-dose ara-C treatment for refractory leukemias. Neuronal death occurs in several regions of the central nervous system, including the cerebellum, brainstem, medulla, and spinal cord, and includes motor neurons and Purkinje cells. [8] [9] [10] [11] [12] In vitro, ara-C is toxic to postmitotic sympathetic, parasympathetic and sensory neurons of the peripheral nervous system as well as cerebellar and cortical neurons of the central nervous system. [2] [3] [4] 7, 13 This neurotoxicity is dose-dependent and can be completely prevented by deoxycytidine (dC), which is the preferred substrate for most metabolic processes that are affected by ara-C. 2 In sympathetic neurons of the superior cervical ganglion (SCG), cell death after ara-C exposure shows some similarities to the programmed cell death of these neurons after the withdrawal of their trophic factor, nerve growth factor (NGF). 4 As in NGF deprivation, potassium depolarization and elevation of cyclic AMP prevent or retard ara-C-induced sympathetic neuronal death. Moreover, cell death in neurons after ara-C exposure is an active process that requires the synthesis of new proteins and can be prevented by the inhibitors of RNA and protein syntheses. Additional findings, including fragmentation of neuronal genomic DNA and retardation of death by caspase inhibitors, strongly suggest that ara-C kills sympathetic neurons by apoptosis. 6, 14 reported to depend on the presence of a functional p53 allele. 20, 21 These findings suggest that ara-C may kill postmitotic neurons by a DNA-damage-activated, p53-dependent pathway.
Enhanced sensitivity of neuronal cells to DNA damage is demonstrated by genetic studies in mice. Mutant mice lacking several proteins involved in DNA repair show severe and selective loss of postmitotic neurons. [22] [23] [24] [25] This may be caused by incomplete DNA repair pathways in neurons or increased dependence on functional DNA repair as a result of higher basal DNA damage. Therefore, postmitotic neurons may have low tolerance to additional DNA damage and secondary DNA damage may be an important factor in neuronal cell death seen in several neurodegenerative disorders.
In this study, we have addressed several issues related to the mechanism(s) of the neuronal cell death induced by ara-C in sympathetic neurons in vitro. After ara-C treatment, sympathetic neurons underwent metabolic changes that are very similar to those observed after NGF deprivation, including a decrease in protein synthesis as well as total protein levels. Moreover, ara-C exposure caused the induction of genes known to be important in neuronal cell death caused by NGF deprivation. Mitochondrial cytochrome-c release and caspase activation demonstrated that sympathetic neurons die by apoptosis after ara-C exposure. This relatively rapid process depended on the presence of at least one functional allele of bax or p53. However, neither Bax nor p53 was induced in neurons after ara-C exposure. Our results demonstrate that ara-C kills sympathetic neurons by inducing an apoptotic pathway that has similarities to the programmed cell death of sympathetic neurons after trophic factor deprivation. However, when this apoptotic pathway is blocked, ara-C can activate a Bax-and caspase-independent death pathway that kills sympathetic neurons more slowly.
Results

Toxicity of ara-C in sympathetic neurons is dose dependent
As we and others have reported previously, ara-C is toxic to sympathetic neurons in vitro. [2] [3] [4] Rat sympathetic neurons exposed to 100 mM of ara-C for 24 h did not show any morphological changes (Figure 1a) . By 48 h, however, ara-C toxicity was easily visible such that neurons showed morphological signs of cell death including neurite disintegration and soma degeneration. These changes are very similar to those observed in sympathetic neurons after trophic factor deprivation. 6 Most neurons appeared dead after 72 h of ara-C treatment.
The dose-response and time course of ara-C toxicity had been measured previously in sympathetic neuronal cultures by using the adenylate kinase assay as qualitative measure of neuronal viability. 4 To obtain quantitative viability data and to determine the optimal ara-C dose for cell death under the current culture conditions, we exposed neurons to various doses of ara-C for 84 h and viability was measured after crystal violet staining (Figure 1b) . Ara-C-induced death was apparent at 10 mM, at which concentration only half of the neurons survived. A 100 mM of ara-C showed the highest toxicity and killed over 80% of the neurons by 84 h. Therefore, we selected 100 mM of ara-C concentration for subsequent experiments. Figure 1 Dose-dependent toxicity of ara-C in sympathetic neurons. (a) Phasecontrast images were taken of NGF-maintained, untreated rat sympathetic neurons (NGF) or neurons from sister cultures exposed to 100 mM ara-C (NGF+Ara-C) at 5 DIV for the indicated times. Untreated neurons have round and phase-bright cell bodies and intact neurites. However, ara-C-treated neurons show neurite disintegration and soma degeneration by 48 h. By 72 h, most ara-Cexposed neurons are dead and have lost their phase-bright appearance. (b) Sympathetic neurons maintained in NGF for 7 DIV were exposed to different concentrations of ara-C for 84 h and the fraction of surviving neurons was determined. Half the neurons died at a concentration of 10 mM ara-C.
Mean7S.E.M. from two independent experiments
Commitment-to-die after ara-C exposure is significantly earlier than loss of viability in sympathetic neurons
We next determined a detailed time course of neuronal death after ara-C exposure. Rat sympathetic neurons kept in culture for 5 days were treated with 100 mM of ara-C and the number of viable neurons was determined every 24 h (Figure 2a ). All neurons exposed to ara-C were viable by 24 h. At 48 h, however, about half of the neurons lost their viability and most neurons were dead by 96 h. These results are consistent with the time course of visible degeneration of neurons as shown in Figure 1a . This time course of neuronal death is delayed by about 24 h compared to the time course of neuronal degeneration after NGF deprivation, 6 suggesting that a significant window occurs during which neurons have to be exposed to ara-C before they sustain enough damage necessary to trigger cell death. Moreover, once cell death starts, it appears to proceed with somewhat slower kinetics compared to NGF deprivation since ara-C-treated neurons require 48 h for complete degeneration, whereas the majority of NGF-deprived neurons die within 30 h. 6 As ara-C-induced death had a delayed time course compared with programmed cell death of sympathetic neurons after NGF deprivation, we examined whether neurons also committed to die more slowly in the presence of ara-C. As we have shown previously, ara-C-induced death can be completely prevented by deoxycytidine (dC) in sympathetic neurons. 2 At each rescue time point, the population of ara-C-exposed neurons that has sustained enough irreversible damage will commit to die. Therefore, the commitment assay identifies the number of neurons that have already started the death process, some of which may still appear viable. Sympathetic neurons were exposed to 100 mM of ara-C for various times, at the end of which they were rescued by replacing the medium with fresh AM50 containing 100 mM dC. Surprisingly, sympathetic neurons treated with ara-C committed to die with an accelerated time course compared to the viability time course (Figure 2a ). Although 100% of neurons were still viable at 24 h after ara-C exposure, about half of the neurons had already committed to die at this time ( Figure 2a) . Moreover, sympathetic neurons had all committed to die at 36 h, at which time the majority of neurons still appeared to be viable. This time course indicates that ara-C rapidly caused irreversible damage to neurons, but the execution of cell death was slower and required another 24-36 h to complete. The commitment time course of ara-Cexposed sympathetic neurons was more similar to the commitment of neurons after NGF deprivation, lagging only by 6-12 h. 6 Sympathetic neurons become hypometabolic after ara-C exposure Programmed cell death in sympathetic neurons after trophic factor deprivation is preceded by a decrease in metabolic events such as protein and RNA synthesis. 6 We investigated whether ara-C exposure also led to hypometabolism by measuring the rate of protein synthesis. Upon exposure of sympathetic neurons to 100 mM of ara-C, the rate of protein synthesis did not change during the first 12 h, decreased during the next 24 h by 30%, and dropped to 10% after 48 h (Figure 2b ). The time course of the decline in protein synthesis rates was somewhat delayed compared to that of commitment to die after ara-C exposure (Figure 2a ). This delay may suggest that once a neuron is committed to die, metabolic processes needed to keep a cell functioning normally were no longer sustained. However, the time course of protein synthesis reflects the changes in a population of sympathetic neurons, so one cannot determine whether decreased protein synthesis at any time point is because of every neuron (a) Sympathetic neuronal cultures maintained in the presence of NGF for 5 DIV were exposed to 100 mM ara-C for different times, and the fraction of surviving neurons was determined by measuring viability or commitment as described. Half the neurons lost their viability at 48 h and 100% of neurons were dead by 120 h. Sympathetic neurons committed to die 24-48 h before losing viability. The mean7S.D. from a representative experiment of three independent trials with 3-4 wells per condition is shown. (b) Time course of the change in the rate of neuronal protein synthesis and total neuronal protein after ara-C exposure. NGF-maintained neuronal cultures were exposed to 100 mM ara-C for different times prior to determination of protein synthesis as measured by the incorporation of L- [4, H]leucine into protein on 9 DIV or measuring total neuronal protein by the bicinchoninic acid method. After a lag time of 12 h, neuronal protein synthesis declined with only 30% remaining after 36 h of ara-C exposure. Total neuronal protein declined after a lag of 24 h, concurrent with the loss of viability. The data represent the mean7S.E.M. from 2 to 3 independent experiments generating less protein or a complete stop of protein synthesis in a subpopulation of neurons that have committed to die. A combination of these two potential scenarios likely contributes to the decreased protein synthesis seen after ara-C exposure. Association of ara-C-induced death with neuronal hypometabolism was very similar to that after NGF deprivation. However, compared to the time course of NGF deprivation, 6 the decrease in the rate of protein synthesis showed a delay in onset of 12-18 h after exposure to ara-C. This delay probably indicated a significant difference in the activation phase preceding the onset of the decrease in protein synthesis after NGF deprivation and ara-C exposure. In addition, the decline in the rate of protein synthesis after ara-C exposure occurred more slowly than after NGF withdrawal (Figure 2b and  6 ). This difference most likely arose from the variability of ara-Cinduced damage in individual neurons, making the cell death and the onset of the decline in metabolic events more desynchronized in the neuronal population compared to NGF deprivation.
Decline in protein synthesis rate was also demonstrated by the decreased amount of total protein in sympathetic neurons after ara-C treatment. No reduction in the level of neuronal protein occurred during the first 24 h after ara-C treatment (Figure 2b) . Concurrent with the onset of loss of viability at 36 h, neuronal protein content decreased. At later times, the decrease in neuronal protein lagged behind the decrease in loss of viability, similar to that after removal of NGF. 6 The lack of a decrease in neuronal protein prior to loss of viability was consistent with the less-impressive neuronal atrophy seen after addition of ara-C compared to the atrophy seen upon removal of NGF (Figure 1a and 6 ). The lack of proportionality between the time courses of viability and the loss of total protein after 48 h of ara-C treatment was because of the accumulation of protein in neuronal debris, which cannot be separated from the protein associated with living neurons by the washing step.
Genes induced after NGF deprivation are also upregulated upon ara-C exposure in sympathetic neurons Sympathetic neurons show increased levels of certain gene products at both mRNA and protein level before the execution of NGF-deprivation-induced apoptosis. We have analyzed whether similar changes in gene expression occurred during ara-C-induced neuronal death. One of the earliest genes that is upregulated in trophic factor deprivation in sympathetic neurons is c-myb. 26 Similarly, ara-C treatment led to a robust increase in c-myb mRNA level in neurons, which peaked at 49 h (Figure 3a) . Recent evidence suggests that this increase may be a result of derepression of genes regulated by the E2F transcription factor family. 27 NGF deprivation also leads to an increased level of c-fos mRNA in neurons. 26, 28 c-fos was also induced in sympathetic neurons after ara-C exposure as measured by reverse transcription-polymerase chain reaction (RT-PCR) of c-fos mRNA (Figure 3a) .
The Bcl-2 family of pro-and antiapoptotic proteins is critical for the regulation of apoptosis in many cell types. 29, 30 One of the best examples of the role of Bcl-2 family in apoptosis is observed in sympathetic neurons. Bim, a BH-3-only member of the Bcl-2 family, is critical for neuronal cell death after trophic factor deprivation. 31, 32 Both Bim mRNA and protein levels increase in neurons before the release of cytochrome-c from the mitochondria and the activation of caspases. [31] [32] [33] Similarly, ara-C-induced death of sympathetic neurons was associated with increased levels of Bim protein, in particular Bim EL , the extra-long isoform of Bim (Figure 3b ). The increase of Bim EL was apparent by 24 h and preceded the loss of cell survival, but not commitment (Figure 2a ). Bim EL protein increased with greater time of ara-C exposure, peaking at 48 h. Lysates obtained from cultures containing only nonneuronal cells showed no change in Bim EL levels after DNA damage, thus confirming that Bim EL induction was neuronspecific (data not shown). Induction of Bim correlated with ara-C-induced neuronal death, thus suggesting that similar to NGF deprivation, Bim may also be an important regulator of neuronal death after ara-C exposure, Bid, another BH-3-only Bcl-2 family member, is a proapoptotic protein that is involved in extrinsic cell death pathway. 34, 35 Cleavage of Bid by caspase 8 generates the active form, tBid, which then localizes to the mitochondria and induces cytochrome-c release. Ara-C-treated sympathetic neurons, however, did not show any induction or Bid cleavage Figure 3 Ara-C-induced upregulation of genes associated with neuronal apoptosis. (a) c-myb and c-fos mRNAs are induced in sympathetic neurons after ara-C exposure. The 5 DIV sympathetic neurons were treated with 100 mM ara-C and neuronal mRNA was isolated at various times. RT-PCR was performed with primers specific for c-myb and c-fos. Similar results were obtained in an independent time course. RT-PCR result for the ubiquitous gene cyclophilin is shown for control. (b) Bim EL is upregulated after ara-C treatment. Sympathetic neuronal cultures were treated with 100 mM ara-C (NGF+Ara-C) for the indicated times and Bim levels were determined by immunoblotting. Bim EL levels increase in ara-C-exposed neurons by 24 h and are stable overtime. Blots was stripped and reprobed with Tubulin antibody for loading control. Identical results were obtained in at least three independent trials by Western analysis (data not shown). This is consistent with the recent findings showing that in Bid-deficient mice, telencephalic neural precursors and neurons die normally after ara-C exposure, 36 and the Bid-deficient sympathetic neurons die normally and do not demonstrate Bid cleavage after NGF deprivation. 37 We also analyzed any potential changes in the levels of antiapoptotic Bcl-2 family members. Antiapoptotic Bcl-2 or Bcl-X L showed a decline in protein levels after ara-C exposure (data not shown), similar to that seen after NGF deprivation.
Bax is important in ara-C-induced neuronal death
The proapoptotic Bcl-2 family member, Bax, has been shown to be required for neuronal apoptosis after trophic factor deprivation. Neurons with no functional bax allele do not die after NGF deprivation in vitro and, moreover, bax-null mice have increased numbers of sympathetic neurons in the SCG. 38 Bax deletion in sympathetic neurons arrests the cell death pathway at the mitochondrial checkpoint, preventing the release of cytochrome-c into the cytosol and subsequent activation of caspases. 39 To determine whether Bax is also required for neuronal death induced by ara-C, we analyzed the survival of bax-deficient sympathetic neurons after ara-C treatment. Wild-type and bax heterozygous sympathetic neurons died with a time course similar to that of rat neurons after ara-C exposure ( Figure 4 ). However, bax-null neurons showed no evidence of cell death up to 48 h. Furthermore, whereas ara-C killed most of the wild-type and heterozygous neurons by 72 h, 90% of homozygous bax-deficient neurons were still viable at this time point. Thus, Bax had an important function in ara-C-induced death of sympathetic neurons. However, when bax-null neurons were exposed to ara-C for longer times, they eventually lost their viability with 60% of neurons dying by 120 h and no neurons surviving after 168 h. Therefore, although Bax was required for the normal ara-Cinduced death, continued exposure to ara-C induced neuronal death via a Bax-independent pathway. Antiapoptotic protein, Bcl-2, protects neurons from NGFdeprivation-induced programmed cell death by acting against the proapoptotic members of the Bcl-2 family, such as Bax in neurons. [39] [40] [41] Since Bax was important in ara-C-induced neuronal death, we examined the role of Bcl-2 using bcl-2 knockout mice. Deletion of bcl-2 accelerated ara-C-induced cell death in sympathetic neurons. While 3375 and 4172% of wild-type and bcl-2-heterozygous neurons, respectively, survived after 48 h of ara-C treatment, only 1473% of bcl-2-null neurons were still viable at the same time point (Po0.001, one-way ANOVA). The increased sensitivity of bcl-2-deficient sympathetic neurons to ara-C treatment is similar to that seen after NGF deprivation. 41 Therefore, like Bax, Bcl-2 is also important in ara-C-induced neuronal death.
Ara-C treatment causes the release of cytochromec into the cytosol
In NGF-deprivation-induced apoptosis of sympathetic neurons, Bax translocates from the cytosol to mitochondria, followed by the release of cytochrome-c. 39 Cytochrome-c release is necessary for the formation of the apoptosome and activation of caspases, the final step of apoptosis. 42 Since Bax deficiency caused a significant delay in ara-C-induced death of sympathetic neurons, we examined whether ara-C causes the release of mitochondrial cytochrome-c into the cytosol. The five days in vitro (DIV) sympathetic neurons were treated with ara-C for 48 h and cytochrome-c was localized in neurons by using immunocytochemistry. As seen in Figure 5 , NGFmaintained neurons showed bright cytochrome-c staining confined to the cytosol; this staining was punctate in appearance because of mitochondrial localization of cytochrome-c. In contrast, neurons exposed to ara-C demonstrated an altered cytochrome-c staining. Whereas some neurons still showed cytochrome-c distribution similar to that of untreated cells, others had completely lost their staining or displayed only a very faint signal. In neurons, cytochrome-c released into the cytosol is unstable and quickly degraded. 43 The same event occurred in ara-C-exposed neurons, demonstrating that ara-C treatment led to the release of cytochromec. Cytochrome-c release was most likely because of Bax translocation to the mitochondria, as bax-null neurons failed to release cytochrome-c after ara-C exposure (data not shown).
Caspase-3 is activated in sympathetic neurons after ara-C exposure Caspases are cysteine aspartate proteases that are activated in apoptosis and execute the orderly death of cells after various apoptotic stress stimuli. Programmed cell death of NGF-deprived neurons is accompanied by caspase activation and can be attenuated by caspase inhibitors. 44, 45 The , bax +/À , or bax À/À P0 littermate mice. The 5 DIV neurons were exposed to 100 mM of ara-C and number of surviving neurons was determined at the indicated times by measuring viability. Percentage of viability was calculated by dividing the number of viable neurons at each time point by the total number of neurons in NGF-maintained, untreated sister cultures. The data for bax +/+ and bax +/À neurons were combined since no significant difference occurred between these two groups (data not shown). bax deficiency prevented the majority of ara-C-induced death in the first 72 h, after which bax-null neurons started to degenerate and were dead by 168 h. Mean7S.D. from 3 to 4 cultures for each genotype; data shown are representative of two independent experiments dependence of ara-C-induced death on the presence of Bax and the release of cytochrome-c after ara-C exposure suggest that sympathetic neurons may die by apoptosis after ara-C treatment. To determine whether ara-C-induced damage kills neurons by apoptosis, we checked for the possible activation of caspases by immunocytochemistry using the CM1 antibody, which detects activated caspase-3 and does not crossreact with the uncleaved zymogen, procaspase-3. 46 Although CM1 antibody has been reported to show weak crossreactivity to caspase-7, caspase-3-deficient apoptotic neurons did not show any CM1 staining, indicating that caspase-3 activation is required for cellular CM1 reactivity. 46 Untreated sympathetic neurons maintained in NGF showed no staining with the active caspase-3 antibody (Figure 6 ). On the other hand, neurons that were exposed to ara-C for 48 h displayed robust activation of caspase-3, demonstrating that caspase activation accompanied ara-C-induced death in neurons. Cells that had activated caspase-3 also showed pyknotic nuclei indicating the condensation of cellular DNA, another hallmark of apoptosis. Although these results clearly demonstrate that ara-C killed sympathetic neurons by apoptosis, the possibility that some neurons may have died through a nonapoptotic pathway is not excluded.
Commitment-to-die in ara-C-exposed sympathetic neurons is independent of the mitochondrial cytochrome-c release or caspase activation During NGF deprivation-induced sympathetic neuronal apoptosis, the time course of cytochrome-c release from the mitochondria immediately precedes that of commitment-todie. 47 Cytochrome-c-mediated caspase activation appears to be the molecular basis for the commitment event since blocking caspase activity by pan-caspase inhibitor bocaspartyl oMe)-fluoromethylketone (BAF) significantly delays the commitment time point after NGF deprivation. 47 Therefore, we determined whether commitment-to-die in ara-Ctreated sympathetic neurons is also associated with cytochrome-c-mediated caspase activation. In contrast to trophic factor deprivation, the time course of cytochrome-c release after ara-C exposure was significantly delayed compared to that of commitment (Figure 7a ). In all, 5179% of rat Figure 5 Cytochrome-c is released into the cytosol of sympathetic neurons upon ara-C exposure. The 5 DIV rat sympathetic neurons were treated with 100 mM of ara-C for 48 h (NGF+Ara-C) or left untreated (NGF), and cytochrome-c localization was determined by immunocytochemistry. A measure of 50 mM of broad-spectrum caspase inhibitor BAF was included in all treatment conditions to inhibit neuronal death. Concurrent staining with bisbenzimide was performed to detect the nuclei of neurons. NGF-maintained, untreated neurons show bright cytochrome-c staining confined to the cytosol. Mitochondrial localization of cytochrome-c is indicated by the punctate appearance of this staining. In some sympathetic neurons (arrows), ara-C-exposure for 48 h induces the release of cytochrome-c, which is indicated by the loss of cytochrome-c signal caused by the rapid degradation of cytochrome-c in the cytosol after its release. Diffuse staining for cytochrome-c is also detected in ara-C-exposed sympathetic neurons, albeit in a very small population (data not shown). Identical results were obtained in at least three independent trials Figure 6 Ara-C causes caspase-3 activation in sympathetic neurons. Rat sympathetic neurons were treated with 100 mM of ara-C for 48 h (NGF+Ara-C) on 5 DIV or left untreated (NGF). Activation of caspase-3 was determined by immunocytochemistry with the CM1 antibody that specifically detects the active form of this protease. Identical results were obtained with Promega active caspase-3 antibody. Neuronal cultures were costained with bisbenzimide to detect the nuclei. Untreated neurons have no detectable staining for activated caspase-3. In contrast, ara-C-treated sister cultures contain neurons that show robust staining for activated caspase-3 (arrows). Nuclei of these neurons are pyknotic, indicating genomic DNA condensation. Identical results were obtained in at least three independent trials sympathetic neurons had already committed to die after 24 h of ara-C treatment (Figure 2 ), while only 771% of the neurons released their cytochrome-c at the same time point. Similarly, in 4273% of sympathetic neurons, cytochrome-c staining was still exclusively mitochondrial after 48 h of ara-C exposure at which time point all neurons had already committed to die. Unlike commitment, the time course of neuronal death immediately followed that of cytochrome-c release ( Figure  7a ). These results suggest that although cytochrome-c release appeared to be critical for the execution of cell death, it was not important for commitment to death after ara-C exposure. Similarly, blocking caspase activity in sympathetic neurons by BAF did not significantly affect the time course of commitment-to-die after ara-C exposure (Figure 7b ). This was, again, in contrast to commitment-to-die after NGF deprivation, which was significantly prevented by caspase inhibition (Figure 7b ). These results demonstrated that ara-Cexposed neurons committed to die before cytochrome-c release and caspase activation.
Loss of Bax function delays the time course of commitment after ara-C treatment
Since both cytochrome-c release and caspase activation occurred after the commitment of neurons, we tested the hypothesis that deletion of bax in neurons should have no affect on the commitment time course after ara-C treatment. Sympathetic neurons isolated from bax +/+ , bax +/À , and bax À/À littermate mice were treated with 100 mM ara-C for various times, followed by a rescue period with 100 mM dC for 5-7 days. Surprisingly, Bax-null neurons showed a significant delay in commitment-to-die after ara-C exposure ( Figure 8 ).
Fewer bax À/À neurons committed to die after 36 and 48 h of ara-C exposure compared to bax +/+ and bax +/À neurons. However, similar to the delayed death of bax À/À neurons (Figure 4 ), neuronal commitment was only temporarily prevented after loss of Bax function and majority of the bax À/À sympathetic neurons eventually committed to die after 72 h of ara-C treatment (Figure 8 ).
Absence of p53 attenuates ara-C-induced neuronal cell death p53 is a tumor suppressor that has been implicated in DNAdamage-induced cell-cycle arrest and apoptosis. [15] [16] [17] [18] Since , bax +/À , or bax À/À P0 littermate mice. The 5 DIV neurons were exposed to 100 mM of ara-C, and number of surviving neurons was determined at the indicated times by measuring commitment as described. Percentage of commitment was calculated by dividing the number of viable neurons at each time point by the total number neurons in NGF-maintained, untreated sister cultures. The data for bax +/+ and bax +/À neurons were combined since no significant difference occurred between these two groups (data not shown). Data represent mean7S.E.M. from two independent experiments with 5-12 wells per condition ara-C might have been killing sympathetic neurons by causing DNA damage, 7 we analyzed the role of p53 in sympathetic neurons after ara-C exposure. Survival of neurons with two, one, or no functional copies of p53 was determined after 72 h of ara-C treatment (Figure 9a ). While the majority of neurons were dead by 72 h of ara-C exposure in both wild-type and p53 heterozygotes, neurons isolated from p53-null animals showed about 80% survival at this time. Therefore, p53 deficiency significantly retards the death of neurons after ara-C exposure. In addition, both copies of p53 had to be deleted to acquire resistance to ara-C, since neurons with one copy of p53 are as sensitive to ara-C as the neurons with two p53 copies.
In neuronal cells, the role of p53 in apoptosis induced by trophic factor withdrawal has been controversial, with some studies indicating p53 involvement while others showing no significant effect of p53 within the same neuronal death paradigms. [48] [49] [50] [51] [52] When we analyzed p53-deficient neurons, a small, but significant, protection after NGF deprivation occurred. Over 90% of sympathetic neurons committed to die after 35-39 h of NGF deprivation (Figure 9b ). This number was decreased slightly to about 80% in p53-null neurons.
Since p53 deficiency provided neurons with significant resistance to ara-C treatment, we examined whether p53 levels were increased in ara-C-exposed sympathetic neurons. Accumulation of p53 in cells may be accomplished by increased gene transcription and/or increased protein stability. RT-PCR analysis of p53 mRNA in neurons treated with ara-C showed no significant increase in the amount of p53 transcript (data not shown). In contrast, p53 mRNA levels declined with time, similar to what is observed in neurons after NGF deprivation (data not shown). 28 Analysis of p53-protein levels in neurons by immunoblotting showed that p53 was readily detectable in sympathetic neurons maintained in NGF (Figure 10a) . In contrast to a previous report, 5 we found that the amount of p53 protein in neurons declined with increased ara-C exposure (Figure 10a ), presumably as a result of decreased protein synthesis as well as loss of viability ( Figure  2b ). We also examined any potential phosphorylation of neuronal p53 after ara-C exposure and were unable to detect any Ser 15 phosphorylation, a residue shown to be phosphorylated after DNA damage and critical for p53 stabilization (data not shown). Although p53-protein levels in NGF-maintained and NGF-deprived neurons seemed to increase at 24 h compared to 12 h, this finding was not reproducible. Similar to ara-C treatment, NGF deprivation led to decreased levels of p53 protein (Figure 10a , data not shown).
As no detectable increase in p53 levels was seen, we investigated whether the expression of p53-regulated genes changed in sympathetic neurons after ara-C treatment. First, we analyzed the pro-apoptotic protein Bax, which is important for ara-C-induced neuronal death (Figure 4) . p53 has been shown to be a direct transcriptional regulator of Bax mRNA. [53] [54] [55] The amount of Bax in sympathetic neurons after ara-C exposure or NGF deprivation decreased with time ( Figure  10b ), demonstrating that p53 did not activate bax transcription in neuronal apoptosis. Another transcriptional target of p53 is the CDK inhibitor p21. 56, 57 p21 induction has previously been reported in sympathetic neurons after NGF deprivation. 48 Immunoblot analysis of protein lysates obtained from ara-Ctreated sympathetic neurons for p21 expression indicated that p21 was not expressed at detectable levels in neurons before or after ara-C treatment (Figure 10c ). The entire p21 signal came from the non-neuronal cells that are present in these cultures at very low numbers (o5%, Figure 10c ). These results demonstrate that p21 was not induced in sympathetic neurons after ara-C exposure. Therefore, neither an increase in p53 levels nor any positive change in two p53-regulated genes was observed in ara-C-induced apoptosis of sympathetic neurons. Although there may be other genes that could potentially be regulated by p53 after ara-C exposure, we examined the ones that have been suggested to be Murine sympathetic neurons from littermates with two, one, or no p53 allele were deprived of NGF for 35-39 h, after which they were rescued by readdition of NGF for 2-3 days. All three NGF rescue experiments taken together demonstrate a significant (Po0.01, Student's t-test), but subtle retardation of neuronal death in neurons lacking p53. The data are graphed as the mean7S.E.M. from three independent experiments transcriptional targets of p53 in sympathetic neurons, and contrary to previous reports, we found no changes in these genes. 48 
Maturation increases resistance to ara-C death in sympathetic neurons
Mature sympathetic neurons do not depend acutely on trophic support for survival. 58, 59 After NGF deprivation, mature neurons undergo many metabolic and molecular changes observed in immature sympathetic neurons, but the apoptotic pathway is arrested at the Bax checkpoint since cytochrome-c is not released into the cytosol and caspases are not activated. 43, 60 Since Bax is also important in ara-C-induced death, we investigated whether maturation had any effect on ara-C sensitivity of sympathetic neurons. Similar to Baxdeficient neurons, mature sympathetic neurons showed a delay in cell death after ara-C exposure (Figure 11) . At 48 h of ara-C exposure, half of the neurons in immature cells were killed (Figure 2a) , while all mature neurons were still alive ( Figure 11 ). Neuronal death was apparent in mature neurons by 72 h (50% survival), but at any given time, mature neurons had increased survival compared with immature neurons.
Ara-C killed all mature neurons by 168 h, demonstrating a 24-48 h delay compared to immature neurons.
Discussion
In this study, we have examined the molecular mechanism(s) underlying ara-C-induced death of sympathetic neurons. Our results demonstrate that ara-C induced an apoptotic pathway in sympathetic neurons that strongly resembles NGF-deprivation-induced programmed cell death. However, when this apoptotic pathway was blocked by bax deletion, ara-C was capable of activating a novel, Bax-independent death pathway, which killed sympathetic neurons more slowly and was independent of caspase activity. We found that genes known to be associated with apoptosis, that is, transcription factors cfos and c-myb and proapoptotic BH3-only Bcl-2 family member bim were induced in sympathetic neurons during ara-C-induced apoptosis. Induction of these genes was followed by Bax-dependent cytochrome-c release, leading to caspase activation and execution of neuronal death. Although Bax function was important for neuronal commitment to death after ara-C-exposure, time course analysis ( Figure 7 ) showed that this function was independent of the Bax-mediated cytochrome-c release and caspase activation. Our data confirm the role of p53 in neuronal apoptosis after DNA damage. However, unlike most other DNA-damaged cells, neurons did not upregulate p53 or certain classical p53 target genes after ara-C treatment, suggesting either a transcription-independent role of p53 during neuronal death or induction of atypical p53 target genes that remain to be identified. In addition, we confirm that p53 is not important in neuronal apoptosis after trophic factor deprivation. Finally, this study demonstrates that maturation increases resistance to DNA damage induced by ara-C in sympathetic neurons.
Sympathetic neuronal death induced by ara-C had many similarities to that after NGF deprivation. Neurons treated with ara-C showed a decline in the rate of protein synthesis, indicating that they became hypometabolic before cell death, like NGF-deprived neurons (Figure 2b ). Similar to NGFdeprived neurons, ara-C-exposed sympathetic neurons increased the expression of genes associated with apoptosis, despite a global decrease in protein and mRNA synthesis (Figure 3 ). Both c-fos and c-myb, two transcription factors that are induced after NGF deprivation, 26 were induced in neurons by ara-C. A recent study by Liu and Greene 27 suggests that induction of c-myb is caused by the derepression of genes regulated by the E2F transcription factor family. In addition, another member of the myb family, b-myb, is induced in neurons after DNA damage and trophic factor deprivation. 27 These results suggest that derepression of E2F-regulated genes is a consequence of ara-C exposure in sympathetic neurons and may be crucial for neuronal death induced by ara-C.
Analysis of the Bcl-2 family proteins identified two members as potential mediators of ara-C toxicity in sympathetic neurons. First, as in NGF deprivation, we observed an induction of Bim, a proapoptotic BH-3-only member of the Bcl-2 family (Figure 3b ). This result demonstrates Bim induction in neurons by a stress stimulus other than trophic Figure 10 Neither p53 nor p53-regulated genes are induced in sympathetic neurons after ara-C treatment. 5 DIV rat sympathetic neurons were treated with 100 mM of ara-C (NGF+Ara-C), deprived of NGF (ÀNGF), or left untreated (NGF), and the neuronal protein was isolated at the indicated times. Levels of p53, Bax, and p21 were determined by immunoblotting. (a) NGF-maintained, untreated neurons show high basal levels of p53, which decrease with time in both NGF-deprived and ara-C-treated neurons. (b) Similar to p53, Bax levels also decline in ara-C-exposed or NGF-deprived neurons. (c) p21 is not expressed in NGF-maintained neurons and expression is not detected after ara-C exposure. The right panel shows that p21 signal in neuronal lysates comes from the small number of non-neuronal cells. aNGF represents protein extracts isolated from cultures established in the absence of NGF. These cultures contain only nonneuronal cells since sympathetic neurons do not survive without NGF. Blots were stripped and reprobed with Tubulin antibody in A and B, and Histone H3 antibody in C for loading control. Identical results were obtained in at least two independent trials factor withdrawal. The importance of Bim for neuronal apoptosis has recently been shown, 31, 32 but whether Bim is also required for ara-C-induced neuronal death remains to be determined with further studies. Second, we identified Bax as an essential regulator of neuronal apoptosis after ara-C exposure. Although Bax expression was unaltered in neurons after ara-C treatment (Figure 10b ), Bax deficiency prevented death in the first 72 h of ara-C treatment, which killed the vast majority of wild-type neurons (Figure 4 ). Bax activates apoptosis by mediating the release of mitochondrial cytochrome-c, which is necessary for formation of the cytosolic apoptosome and activation of the initiator caspase-9. Accordingly, we observed Bax-dependent cytochrome-c release into the cytosol in ara-C-exposed sympathetic neurons ( Figure 5 and data not shown). Moreover, we detected caspase-3 activation in dying sympathetic neurons upon ara-C treatment ( Figure 6 ). These findings indicate that the cell death pathway activated after ara-C treatment in sympathetic neurons was very similar to the apoptotic pathway initiated after NGF deprivation and involved Bax-dependent cytochrome-c release and caspase activation.
Despite these similarities in the molecular events underlying both ara-C-exposure and NGF-deprivation-induced death of sympathetic neurons, these cell death pathways show substantial differences. Time courses of sympathetic neuronal death and the associated metabolic and molecular events were delayed and protracted after ara-C treatment compared to NGF deprivation. This difference is presumably because of variability of ara-C-induced damage in individual neurons, making most events less synchronous in the whole population. In striking contrast to NGF-deprived sympathetic neurons, ara-C-exposed neurons committed to die before cytochrome-c release and caspase activation (Figure 7) . Unlike the complete protection of bax-deficient neurons after NGF deprivation, loss of Bax function was only protective in the first 3 days of ara-C exposure; sympathetic neurons eventually degenerated after prolonged ara-C treatment (Figure 4) . Similarly, ara-C-induced death was delayed in mature neurons, which had complete resistance to NGF deprivation ( Figure 11 ). Furthermore, like Bax deficiency, a broad-spectrum caspase inhibitor, BAF, could only delay ara-C-induced death in sympathetic neurons (unpublished observations).
14 Therefore, Bax-dependent apoptosis was the 'default' mechanism of neuronal degeneration after ara-C treatment, but ara-C also caused neuronal death through an alternative pathway after bax deletion. This Bax-independent cell death was caspase independent since we did not observe any caspase-3 activation in Bax-deficient neurons after ara-C exposure. After 96 h of ara-C treatment, which kills about 40% of bax À/À neurons (Figure 4) , there was no detectable active caspase-3 staining in dying sympathetic neurons (data not shown). In contrast, many bax +/+ and bax +/À neurons had robust active caspase-3 staining after 46 h of ara-C exposure (B40% death, Figure 4 ), which corresponds to the 96 h time point of ara-C-treated bax À/À neurons (data not shown). Moreover, caspase inhibitor BAF could not protect the majority of bax À/À neurons from ara-C-induced death (data not shown). These results are consistent with the previously published data reporting that similar to bax deletion, BAF could delay ara-C-induced death of rat sympathetic neurons only up to 3 days, indicating that the delayed cell death seen after day 3 is caspase-independent.
14 Retardation of ara-Cinduced death after bax deletion suggests that a more intense and prolonged DNA damage is required to trigger the Baxindependent death pathway. Under normal conditions, neurons can presumably sense a much lower amount of DNA damage and activate a rapid, Bax-dependent apoptotic death when this damage exceeds a threshold level. Caspaseindependent cell death seen in ara-C-treated Bax-null sympathetic neurons is similar to the caspase-independent death of embryonic cortical neurons evoked by topoisomerase-I inhibitor camptothecin. 61, 62 Therefore, activation of caspase-independent death pathways in neurons may be a common consequence of DNA damage induced by multiple agents.
Another noticeable difference between ara-C and NGFdeprivation induced apoptosis of sympathetic neurons was the potential role of p53. p53 has been suggested to have a role in sympathetic neuronal apoptosis after ara-C exposure as well as NGF deprivation. 5, 48 Analysis of sympathetic neurons isolated from p53-mutant mice demonstrated that p53 deficiency conferred significant resistance to ara-Cinduced death (Figure 9a ). This finding is consistent with similar results obtained in cerebellar granule cells after ara-C exposure and in sympathetic neurons after campthothecininduced DNA damage. 20, 21, 61 In contrast, NGF-deprivationinduced neuronal death was only slightly affected by p53 deficiency (Figure 9b ). Deletion of p53 in mice has been reported to reduce the basal Bax expression as detected by immunohistochemistry in many neuronal populations including sympathetic neurons. 54 Therefore, we favor the idea that the slight delay of apoptosis in p53 À/À neurons after NGF deprivation was most likely because of reduced Bax levels since Bax-heterozygous neurons also die more slowly in response to NGF deprivation than cells from wild-type littermates. 38 Although inconsistent with the report of Aloyz Figure 11 Mature sympathetic neurons show increased resistance to ara-Cinduced death. Sympathetic neurons isolated from P0 rat SCGs were maintained in NGF for 3 weeks before being exposed to 100 mM of ara-C. Viability data for ara-C-exposed immature neurons from Figure 2a are shown for comparison. Ara-C-induced death is delayed 24-48 h in mature sympathetic neurons compared to the immature neurons. Mean7SEM, n¼3-4. Similar results were obtained in two other experiments et al., 48 the subtle effect of p53 deficiency on NGFdeprivation-induced death we observe is consistent with the previous studies that could not identify a significant effect of p53 on trophic factor deprivation-induced death. [50] [51] [52] Although p53 deletion delayed ara-C-induced death significantly, neither an increase in p53 levels nor any positive change in two p53-regulated genes was observed in ara-Cexposed sympathetic neurons. It has been suggested that transcriptional activity of p53 can be dissociated from its apoptotic activity; 63 this suggestion is supported by the results reported here. Furthermore, p53 has been reported to translocate to mitochondria and activate apoptosis independent of its transcriptional activity after DNA damage or hypoxia. 64, 65 Our results regarding the role of p53 in ara-Cinduced neuronal death could be explained by a similar mechanism, in which p53 may be acting at the mitochondria, and its transcriptional activity may be dispensable for neuronal death. Since neurons already contain high basal levels of p53 (Figure 10a ), p53 induction may not be necessary for mitochondrial translocation. Both Bax and p53 deletion delay ara-C death to a similar extent, possibly suggesting that one may be compensating for the loss of other. In view of this possibility, bax and p53 double-knockout neurons may demonstrate significantly more resistance to ara-C compared to single knockouts.
Susceptibility of neurons to ara-C-induced damage and subsequent death may be a consequence of the higher dependence of neurons on DNA repair. Neurons may have elevated basal DNA damage as a result of free radicals produced by higher oxygen metabolism. 66 Increased DNA damage would lead to higher ara-C incorporation into genomic DNA during DNA repair. Alternatively, neurons may have less than optimal capacity to repair DNA damage compared to other cells. Postmitotic neurons are especially vulnerable to the lack of proteins that are part of the DNA repair machinery, including nonhomologous DNA-end-joining pathway, homologous recombination, and base-excision repair. In mutant mice that have impaired DNA repair, cell death is increased significantly in neurons soon after they become postmitotic. 24, 66, 67 A combination of both increased ara-C incorporation and decreased tolerance to DNA damage may make neurons sensitive to ara-C. Reduced tolerance of neurons to DNA damage may have an important physiological significance since secondary DNA damage and subsequent neuronal degeneration may potentially be the final common pathway in many neurological disorders. Therefore, understanding the molecular mechanisms underlying neuronal cell death induced by DNA damage may suggest new therapeutic targets for the treatment of neurodegeneration.
Materials and Methods
Animals and materials
All reagents were purchased from Sigma (St Louis, MO, USA) unless otherwise stated. Timed-pregnant Sprague Dawley rats were obtained from Harlan (Indianapolis, IN, USA). Mutant male and female bcl-2, 68 bax, 69 or p53 (TSG-p53, Genpharm Intl., Mountain View, CA, USA) mice were bred locally. Collagenase and trypsin were purchased from Worthington Biochemical Corporation (Freehold, NJ, USA). Mouse 2.5S NGF was from Harlan Bioproducts (Indianapolis, IN, USA). The goat anti-mouse 2.5S NGF neutralizing antiserum has been characterized previously. 70 
Genotyping of mutant mice
Genotypes of bcl-2 and bax mutant mice were determined as described previously. 38, 41 To determine the genotype of p53 mutant mice, the tail DNA was isolated and subjected to PCR with gene-specific primers. Cycling parameters were 1 min at 941C, 1 min at 551C, and 2 min at 721C for 35 cycles, followed by a 10-min extension at 721C. The p53 forward primer (1 mM, 5 0 -TCGGATCCGGACAGCCAAGTCTGTTATGT-3 0 ) and the reverse primer (1 mM, 5 0 -TCGAATTCTTATTGAGGGGAGGAGAGTA-3 0 ) led to an 840-bp fragment while the same p53 forward primer with the murine RNA polymerase 2 promoter reverse primer (0.2 mM, 5 0 -TGGAATTC-TAGTAGCTTTACGGAGCCCT-3 0 ) generated a 520-bp fragment.
Neuronal culture
Primary sympathetic neuronal cultures were prepared from P0-P1 rat or mouse superior cervical ganglion (SCG) by using previously described methods. [71] [72] [73] Briefly, SCGs were dissected from newborn animals and incubated for 30 min each with 1 mg/ml collagenase and 2.5 mg/ml trypsin at 371C. The ganglia were dissociated by triturating through a 200-ml micropipet tip; cells were plated on collagen-coated plastic tissue culture plates at the appropriate densities. Cultures were maintained in AM50 medium (90% minimum essential medium (Invitrogen, Carlsbad, CA, USA), 2 mM glutamine, 10% fetal bovine serum (Hyclone, Logan, UT, USA), 50 ng/ml 2.5S NGF, 20 mM fluorodeoxyuridine, 20 mM uridine, 100 U/ml penicillin, and 100 U/ml streptomycin), supplemented with 3.3 mg/ml aphidicolin (AG Scientific, San Diego, CA, USA) for the first 5 DIV to reduce the number of non-neuronal cells. Culture medium was replaced every 3-4 days. Cultures devoid of neurons but containing equivalent amounts of non-neuronal cells were established by plating cells in a medium lacking NGF (AM0) supplemented with 0.01% anti-NGF antiserum.
To deprive neuronal cultures of NGF, 5 DIV immature or 3-week-old mature neuron cultures were washed three times with AM0 and fed with fresh AM0 containing 0.01% anti-NGF antiserum. For ara-C treatment, the culture medium was replaced with fresh AM50 containing ara-C. In neuronal cultures used to harvest protein, 25-50 mM of broad-spectrum caspase inhibitor, boc-aspartyl(OMe)-fluoromethylketone (BAF, Enzyme Systems, Livermore, CA, USA), was included in all treatment conditions to inhibit neuronal death.
Neuronal survival
The number of viable cells was assessed after fixing the cultures with 4% paraformaldehyde (Fischer Scientific, Pittsburgh, PA, USA) in PBS and staining with crystal violet. Neurons were scored as viable if the crystal violet-positive cells had large, well-defined cellular outlines. Dead neurons and debris stain faintly or show no staining with crystal violet. Percent viability was calculated by dividing the number of crystal violet-positive neurons at each time point by the total number of neurons in NGFmaintained, untreated sister cultures. In most of the experiments with bcl-2 and p53 mutant neurons, viability was measured by determining the fraction of surviving neurons from serial phase-contrast images taken before onset of NGF deprivation and at the end of the experimental period. 74 A neuronal soma was counted as dead when it had lost the bright refractile ring. In one p53 experiment, the fraction of surviving neurons was determined by comparing the phase-contrast image of a field of neurons taken prior to onset of NGF deprivation to the epifluorescence image taken at the end of the experimental period after staining the living cultures with 5 mM of the vital dye calcein AM (Molecular Probes Inc., Eugene, OR, USA). All three techniques to measure viability yielded comparable results.
Rate of protein synthesis
This procedure has been described previously. 6 L- [4,5- 3 H]leucine (Amersham Corp., Arlington Heights, IL, USA) at 10 mCi/ml was used in the presence of 10 mM unlabeled L-leucine instead of L-[
35 S]methionine. The change of the label did not affect the time course of the rate of protein synthesis after NGF deprivation. 6 
Neuronal protein
Neuronal protein was measured by the bicinchoninic acid method (Pierce, Rockford, IL, USA) as described previously. 6 
RT-PCR analysis
RT-PCR analysis of SCG neuronal cultures has been previously described. 26, 28 In summary, half of the mRNA isolated at specified times after ara-C treatment was converted into cDNA by RT with random hexamers (10 mM) as primers. For PCR analysis, 1% of the cDNA was used in a 50 ml PCR reaction including [a-
32 P]dCTP, half of the PCR reaction was separated on an 8% polyacrylamide gel; the PCR product was visualized with autoradiography. No PCR product was amplified when purified mRNA was used in the PCR reaction. Each gene was tested twice in at least two independent time courses. The sequences of the PCR products were confirmed by DNA sequencing. The primer sequences were described previously.
28,75
Immunocytochemistry
Cultures were fixed with fresh 4% paraformaldehyde in PBS, washed with Tris-buffered saline (TBS: 0.1 M Tris-HCl, pH 7.6, 0.9% NaCl), and incubated in blocking solution (5% normal goat serum (NGS) in TBS, containing 0.3% Triton X-100) for 1 h at room temperature. The cultures were then incubated with primary antibodies in antibody solution (1% NGS in TBS, containing 0.3% Triton X-100) overnight at 41C. The following primary antibodies were used: cytochrome-c (0.5 mg/ml, BD Pharmingen, San Diego, CA, USA), CM1 (1 : 5000, IDUN, San Diego, CA, USA), active caspase-3 (1:250, Promega, Madison, WI, USA). The cultures were next washed three times with TBS and incubated in antibody solution containing Cy-3-labeled secondary antibodies (1 : 400, Jackson ImmunoResearch, West Grove, PA, USA) for 2 h at 41C and counterstained with 1 mg/ml bisbenzimide (Hoechst 33258, Molecular Probes, Eugene, OR, USA). After four washes with TBS, the cultures were mounted for fluorescence microscopy.
Western analysis
Neuronal cultures were rinsed twice with cold PBS, lysed in reducing sample buffer (125 mM Tris-HCl, pH 6.8, 10% 2-mercaptoethanol, 4% SDS, 0.1% bromophenol blue, and 20% glycerol), boiled for 5 min, and stored at À201C until use. Proteins were separated with SDS-PAGE on Tris-glycine mini-gels (Invitrogen) and transferred to Immobilon-P PVDF membrane (Millipore, Bedford, MA, USA). Blots were blocked for 1 h at room temperature with TBST (10 mM Tris-HCl, pH 7.5, 100 mM NaCl, and 0.1% Tween 20) containing 5% nonfat dry milk and incubated overnight at 41C with primary antibody diluted in blocking solution recommended by the manufacturer. The following primary antibodies were used: Bim (1 mg/ ml, Stressgen, Victoria, BC, Canada), p53 (1 mg/ml, Stressgen), p21 (C-19, 1 : 500, Santa Cruz Biotechnology, Santa Cruz, CA, USA), Bax (1 mg/ ml, Upstate Biotechnology, Lake Placid, NY, USA), Tubulin (Clone DM 1A, 1 : 50,000, Sigma). After washing, blots were incubated for 1 h at room temperature with HRP-linked secondary antibodies (Cell Signaling) diluted 1 : 2,500-1 : 10,000 in blocking solution. The blots were finally washed 3 times with TBST and developed with a chemiluminescent substrate (Supersignal, Pierce). To strip and reprobe blots, the membranes were incubated in 100 mM glycine, pH 2.5, twice for 25 min and then washed with TBST. The Western analysis was then repeated.
